INTRODUCTION
Cellulose is a polysaccharide composed of ,-D-glucopyranosyl units joined by 1,4-glycosidic bonds. In xylan, the repeating unit is the P-1,4-D-xylopyranosyl residue. Although chemically similar, these two polysaccharides adopt different conformations. Cellulose molecules have a fully extended, flat conformation (37, 64) and are tightly packed into microfibrils to form a fibrous, naturally crystalline, insoluble material. Xylan molecules are twisted and are more flexible than cellulose chains (102), and the backbone is substituted with arabinose, glucuronic acid, or methylglucuronic acid. Chitin resembles cellulose since it is composed of N-acetyl-2-amino-2-deoxy-f3-D-glucopyranosyl residues joined by 1,4-glycosidic bonds. Like cellulose, chitin chains have an extended conformation and form insoluble and crystalline microfibrils (12) . The microbial conversion of cellulose and xylan to soluble products requires several types of enzyme: endoglucanases (1,4-p-D-glucan glucanohydrolase; EC 3.2.1.4), cellobiohydrolases (1,4-p-D-glucan cellobiohydrolase; EC 3.2.1.91), xylanases (1,4-p-D-xylan xylanohydrolase; EC 3.2.1.8), and P-xylosidases (1,4-p-D-xylan xylohydrolase; EC 3.2.1.37). Microorganisms capable of degrading lignocellulose usually produce complex, extracellular cellulase systems comprising combinations of these enzymes (22, 23) . Microorganisms that degrade chitin also produce a variety of enzymes.
Cellulases, xylanases, and chitinases all hydrolyze P-1,4-glycosidic bonds between pyranose units, but they show subtle differences in specificity. Structural features common to such enzymes may be related to their general catalytic activities as glycosidases. Those peculiar to each may be related to their specificities, i.e., exoglycanase or endoglycanase, cellulase or xylanase. Such features should be reflected in the amino acid sequences of the enzymes.
Gene cloning and DNA sequencing have allowed rapid determination of the amino acid sequences of cellulases and xylanases (la, 7) . Analysis and comparison of the sequences have revealed conserved stretches which are common to both cellulases and xylanases. The conserved sequences * Corresponding author.
occur in discrete domains connected by linkers which allow the domains to function independently (30, 39, 61, 111, 113) . The conserved sequences can be used to group the enzymes into families (5, 8, 54, 55, 62) . It seems that the various P-1,4-glycanases arose from a few progenitor sequences by mutation and domain shuffling. In this context, it should be noted that some enzymes show a mixed specificity: enzymes that hydrolyze P-1,4 bonds in cellulosic substrates may also hydrolyze xylan, chitin, and related substrates at significant rates (41) . This review summarizes the domain organizations of cellulases and xylanases analyzed to date. It also compares the enzymes with other proteins which interact with various polysaccharides.
STRUCTURAL ELEMENTS IN CELLULASES AND XYLANASES

Linkers
Proteolytic cleavage of cellulases into separate catalytic and cellulose-binding fragments first demonstrated the presence of true domains within these enzymes (42, 111, 113 Qa)-any sequence identity between linkers from different organisms (Table 1) . Spore germination-specific polypeptide 270-11 from the slime mold Dictyostelium discoideum contains two sequences, each about 100 amino acids long, which are rich in proline and hydroxyamino acids. The sequences are characterized by contiguous repeats of the tetrapeptide TETP (Table 1 ) (43) . The walls of D. discoideum spores contain cellulose, and it is possible that polypeptide 270-11 is involved in cellulose hydrolysis during germination (see below) (43) .
It must be emphasized, however, that some cellulases do not contain obvious linker sequences like those given in Table 1 . Such enzymes may not lack discrete domains, because CenA from C. fimi (102a) N-terminal catalytic domain to a C terminal CBD (77) . The sequences of the repeats are 50% identical to the sequences of two tandem repeats in chitinase Al from Bacillus circulans which are related to fibronectin type III repeats (115) . The C terminus of Avicelase I from Clostridium stercorarium comprises two contiguous repeats of 88 amino acids, each flanked by repeats of 140 amino acids. The two types of repeat are unrelated (56) . The sequence of the longer repeat is related to a sequence forming the C termini of several endoglucanases from Bacillus subtilis (56, 69) .
Endoglucanase CenC from C. fimi has two contiguous repeats of a sequence of 150 amino acids at its N terminus and two contiguous repeats of an unrelated sequence of 100 amino acids at its C terminus (24) .
The repeated sequences in CelZ form or contain a CBD (56) , and the fibronectin type III-like repeats in chitinase Al may also form part of a chitin-binding site (115) . The repeats in CenB and CenC could have a similar function. Alternatively, the fibronectin type III-like repeats in CenB could be involved in protein-protein interactions within the cellulase complex of C. fimi because the fibronectin type III repeats themselves are probably involved in protein-protein interactions (96) .
EglI, EgIIII, CbhI, and CbhII from T. reesei and CbhI from Phanerochaete chrysosporium contain two short, contiguous conserved sequences, termed A and B. Sequence A is a CBD, and sequence B, which is heavily glycosylated, is a linker (111, 113) . They are at the N termini of EgIIII and CbhII in the order A-B, but at the C termini of EglI and CbhI in the order B-A (28, 88, 98, 103, 110) . In CbhII, the B sequence is repeated, so that the N terminus is ABB' (Table  1) (110) . The A and B sequences are not required for some catalytic activities of CbhI and CbhII (111) or EglIII (106).
Cellulose-Binding Domains
Many cellulases bind to cellulose, but the mechanism and significance of this interaction are unclear. At least some of them comprise discrete catalytic domains and CBDs which retain their functions when separated by proteolysis (38, 42, 52, 56, 75, 78, 85, 106, 111, 113) . N-Bromosuccinimideinactivated CbhI ofAspergillusficum still binds to cellulose, indicating that this enzyme also comprises discrete catalytic and binding domains (52) . Although these CBDs are not essential for catalytic activity, they do modulate the specific activities of the enzymes on soluble and insoluble cellulosic substrates.
To date only the CBDs of exoglucanase Cex and endoglucanase CenA of C. fimi (42) and those of cellobiohydrolases CBHI and CBHII of T. reesei (111, 113) have been characterized in any detail.
The CBDs of Cex and CenA of C. fimi are 108 and 111 amino acids long, respectively, and their sequences are more than 50% identical (83, 117) . Very similar sequences are found in other cellulases and xylanases (Fig. 1) . As in Cex and CenA, the sequences are N or C terminal, about 100 amino acids long, connected to the remainders of the polypeptides by linkers, and, except in EndI of Butyrivibrio fibrisolvens (9) , not required for enzymatic activity (see Table 4 ). All of them are probably CBDs, although that of EndI of Butyrivibrio fibnisolvens may be an exception.
Interestingly, it contains more than twice as many charged amino acids as the C. fimi CBDs and lacks the conserved cysteines near the N and C termini of the other bacterial CBDs ( Fig. 1 ; see also Table 4 ).
Striking features of these bacterial CBD sequences are (i) low contents of charged amino acids; (ii) high contents of hydroxyamino acids; and (iii) conserved tryptophan, asparagine, and glycine residues (Fig. 1) . Furthermore, there are two cysteines in identical positions close to the N and C termini in all but one of the sequences and hydrophobic residues at 10 conserved sites in all of the sequences (Fig. 1) . Tryptophans are conserved in other types of polypeptide which interact with polysaccharides: the discrete starchbinding domains of microbial enzymes which degrade starch (107) , the pilus-associated adhesion proteins of various E. coli strains (70) , and the carbohydrate recognition domains of one class of animal lectins (25) . Tryptophans in some of these polypeptides do interact with saccharides (57, 91, 107) .
The CBDs of Cex and CenA of C. fimi bind the enzymes to cellulose (42) , as do similar sequences in an endoglucanase, xylanases XynA and XynB, and an arabinofuranosidase from P. fluorescens subsp. cellulosa (30, 39, 50, 61) .
Cex hydrolyzes both cellulose and xylan (41) , and the amino acid-sequence of the catalytic domain of Cex is similar to sequences in several xylanases (see Table 6 ). Cellulose is usually associated with hemicelluloses such as xylan when found in nature. It is not surprising that some enzymes hydrolyze both cellulose and xylan and that some xylanases bind to cellulose.
The CBDs of CbhI, CbhII, EglI, and EglIll of T. reesei correspond to the conserved A sequences of the enzymes (Table 3) (28, 88, 98, 106, 110, 111, 113) . They contain 33 amino acids, in contrast to the approximately 100-aminoacid bacterial CBDs (Fig. 1) . They can be N or C terminal ( Table 4 ). The identical residues include four cysteines, which form two disulfide bridges, two glutamines, and four aromatic residues. The CBD of CbhII was prepared by chemical synthesis and shown by two-dimensional nuclear magnetic resonance to be wedge shaped and to contain two disulfide bridges (65) . Surprisingly, the catalytic domain of EgIIII contains a sequence of ca. 100 amino acids which is very similar to the bacterial CBDs (76a).
Polypeptide 270-11 from D. discoideum contains two sequences of about 100 amino acids each, which are similar in sequence to the bacterial CBDs (43, 76a) . It is not surprising that such sequences occur in both procaryotic and eucaryotic polypeptides, given the sequence similarities between the catalytic domains of some bacterial and fungal cellulases and between some bacterial cellulases and spore germination-specific polypeptide 270-6 of D. discoideum (Table 5) .
Proteolytic removal of the N-terminal half of the CBD of CenA of C. fimi, which leaves only a single cysteine in the CBD, does not prevent the truncated enzyme from binding to cellulose (40) . This suggests that a disulfide bridge between the two cysteines of this CBD is not essential for binding. The sequences of the C-terminal segments of the bacterial CBDs and the T. reesei CBDs are not related ( Fig.  1 ; Table 3 ). The interactions between CBDs and cellulose have not been elucidated. It will be interesting to see whether the bacterial and T. reesei CBDs adsorb to cellulose in a similar manner and at the same sites.
Since CBDs in both groups are N or C terminal and are attached to catalytic domains of different specificities, they appear not to be determinants of specificity. An interesting example is provided by the endoglucanases from C. fimi and Microbispora bispora, which display significant homology both in their catalytic cores and in their binding domains. In the M. bispora enzyme the binding domain is at the C terminus; in the C. fimi enzyme it is at the N terminus. Since both enzymes are endoglucanases, the location of the binding domain at the N or C terminus of the catalytic domain clearly does not determine the endo versus exo specificity of these enzymes. There are differences in the sequences of the CBDs within each group, however, and further analysis is required to determine their exact contributions to enzyme function. The cellulases of Clostridium thermocellum characterized to date apparently lack CBDs, but they form a multienzyme complex, the cellulosome, which binds in toto to cellulose. Cell-associated cellulosomes can bind Clostridium thermocellum itself to cellulose (66) . Such (Table 5) .
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Cellulases and xylanases can be grouped into families of related enzymes on the basis of amino acid sequence identities in their putative catalytic domains (5, 8, 54, 55, 62) . This grouping is confirmed and extended by hydrophobic cluster analysis, which reveals similarities in apparent secondary structures with proteins of very low sequence identity, even when domains are separated by variable segments of widely differing sizes (54, 55) . Hydrophobic cluster analysis is especially useful for cellulases and xylanases, with their discrete domains and repeated sequences and linkers of various lengths.
Sequence identity in the catalytic domains of cellulases and xylanases has been reviewed recently (5, 8, 54, 55) . The known sequences can be grouped into nine families (Table  5) , which are quite distinct (5, 54, 55, 84, 97 6 Bacillus lautus CelB 536 59 7 Bacillus polymyxa Egl 365 4 8 Bacillus subtilis N-24 Egl 463 80 9 Bacteroides ruminicola Egl >363 N 74 10 Butyrivibrio fibrisolvens A46 CelA 396 53 11 Butyrivibriofibrisolvens H17c Endl 521 N -385
Caldocellum saccharolyticum CelBb 1,011 C 388 100 13 Clostridium acetobutylicum Egl 409 N -300 123 14 Clostridium cellulolyticum CelA 449 N -380 29 15 Clostridium contains bacterial enzymes and plant enzymes, thereby raising the possibility of a lateral transfer. It includes spore germination-specific polypeptide 270-6 from D. discoideum, whose spore coats contain cellulose. Polypeptides 270-6 and 270-11 could be involved in cellulose hydrolysis during spore germination (43) . The avocado cellulases in family E appear to be involved in fruit ripening (19) . At present, family C contains only fungal enzymes and families D and G contain only bacterial enzymes. Cellulases and xylanases vary widely in the numbers of amino acids they contain, but their catalytic domains tend to be more uniform in size (Table 5) . It should be noted, however, that relatively few catalytic domains have been identified other than by sequence relatedness to known domains and the presence of adjacent linkers.
All enzymes reported to have exoglycosidase activity fall into families which have members with only endoglycosidase activity (Table 5) . In other words, enzymes with similar sequences have different specificities. This suggests that exoglycosidase versus endoglycosidase activity may be a consequence of fine details of three-dimensional structure rather than of overall conformation. The only catalytic domain for which the three-dimensional structure is known is that of cellobiohydrolase II from T. reesei (95) . The active site is in an enclosed tunnel through which a cellulose molecule threads. Two aspartyl residues located in the middle of the tunnel may be catalytic residues (95) . CbhII is in family B of cellulases and xylanases, which contains exoglucanases and endoglucanases (5, 54) . Modeling of other enzymes in the family, with the structure of CbhII as a guide, should give useful insights into their possible structures. Realistic comparisons, however, will require determination of the three-dimensional structures of other enzymes.
Hydrolysis of the 3-1,4-glycosidic bond with retention or inversion of anomeric configuration may be a better indicator of similarity than enzyme specificity (116) . Hydrolysis with retention of configuration requires a quite different mechanism than does hydrolysis with inversion (104) . CenA of C. fimi and CbhII of T. reesei are in family B, and both cause inversion of configuration (63, 116) . CenB of C. fimi, which is in family E, also hydrolyzes with inversion of configuration (77) . The other enzymes which have been characterized, Cex of C. fimi and CbhI of T. reesei, hydrolyze with retention of configuration (63, 116) but are in families F and C, respectively.
At least one cellulase has two catalytic domains. CelB of Caldocellum saccharolyticum has an N-terminal exoglucanase domain and a C-terminal endoglucanase domain which belong to different families. A linker connects each catalytic domain to a central amino acid sequence of unknown function (99, 100) which is related to a sequence found at the C termini of several endoglucanases from B. subtilis (72, 80) and within avicelase I from Clostridium stercorarium (56) and endoglucanase CenB from C. fimi (76a). XynZ of Clostridium thermocellum contains a centrally located repeated sequence flanked by linkers, with a xylanase catalytic domain at the C terminus of the polypeptide and a sequence of 401 amino acids of unknown function at the N terminus (46) .
All CBDs described to date are N or C terminal. Catalytic domains from each family are found in various combinations with other conserved sequences, such as CBDs and repeated sequences. This gives rise to a number of different types of primary structures in cellulases and xylanases. It is possible that further families remain to be identified.
Hydrolysis by glycosyl hydrolases often involves general acid catalysis, usually promoted by aspartate or glutamate residues or both. Active-site residues are usually highly conserved during evolution. The catalytic domains of cellulases and xylanases have been analyzed for conserved aspartates and glutamates in an attempt to target catalytic residues in the families (54, 55) . In family A, two particular residues emerged as candidates. Site-directed mutations in two of the enzymes in family A support the involvement of the targeted residues in the active site (3, 90a) .
EVOLUTION OF CELLULASES AND XYLANASES
It is obvious that cellulases and xylanases evolved by domain shuffling, with subsequent modifications of the domains. This is well illustrated by the fact that catalytic domains from different families are associated with the same Table 5 ; the enzymes are designated by the numbers in the table. Tree G is for the CBDs of the T. reesei enzymes in Unrooted phylogenetic trees were computed (67) for the various families of domains (Fig. 2) . Given the complexity of some of these trees, it will be interesting to see whether all members of a given family of catalytic domains do indeed hydrolyze with inversion or retention of anomeric configuration.
The diversity of the linker sequences stands in contrast to the families of related domains. Presumably, the linkers serve to optimize the activities or roles of the domains they join 
